IMPORTANCE Despite apparent progress in perinatal care, children born extremely or very preterm (EP/VP) remain at high risk for cognitive deficits. Insight into factors contributing to cognitive outcome is key to improve outcomes after EP/VP birth.
heterogeneity could not be explained by birth year of the cohort. Multivariate meta-regression analysis with backward elimination revealed that BPD explained 65% of the variance in intelligence across studies, with each percent increase in BPD rate across studies associated with a 0.01-SD decrease in IQ (0.15 IQ points) (P < .001).
CONCLUSIONS AND RELEVANCE Extremely or very preterm children born in the antenatal corticosteroids and surfactant era show large deficits in intelligence. No improvement in cognitive outcome was observed between 1990 and 2008. These findings emphasize that improving outcomes after EP/VP birth remains a major challenge. Bronchopulmonary dysplasia was found to be a crucial factor for cognitive outcome. Lowering the high incidence of BPD may be key to improving long-term outcomes after EP/VP birth.
includes both direct brain injury, of which white matter lesions are most common, and secondary neuronal abnormalities affecting gray matter. 16 These disturbances in brain development are reflected in reduced overall brain volume in childhood and adolescence, with reductions being evident in both gray and white matter 19 as well as alterations in white matter microstructure. 20, 21 White matter abnormalities in particular have been associated with neurocognitive impairments. [20] [21] [22] Insight into factors contributing to alterations in brain development and subsequent cognitive impairment in EP/VP children is of interest because such knowledge is key to improving outcomes of these children. Neonatal morbidities, such as intraventricular hemorrhage (IVH), periventricular leukomalacia (PVL), bronchopulmonary dysplasia (BPD), and infectious diseases (eg, sepsis, necrotizing enterocolitis) have been associated with brain abnormalities and increased risks for cognitive impairment in preterm children. [23] [24] [25] [26] [27] [28] [29] Moreover, certain treatments, such as postnatal corticosteroid use, 30 and demographic factors (eg, sex, socioeconomic status) may play a role. 31, 32 However, the relative contribution of each of the possible risk factors is not known. This lack of knowledge hampers clear conclusions to be drawn about factors that are key in enhancing the outcomes of EP/VP children and thus might be the target of interventions. Furthermore, knowledge of risk factors for cognitive impairment would benefit clinical decision making and parental counseling in the neonatal period and contribute to the identification of high-risk infants for close monitoring and early intervention. Therefore, a metaanalysis and meta-regression were conducted to examine the intelligence of EP/VP children and the role of perinatal and demographic risk factors.
Methods

Study Selection
This meta-analysis was conducted according to MOOSE guidelines. 33 Inclusion criteria for studies were (1) the sample consisted of infants born EP/VP (<32 weeks' gestational age [GA] ) and/or with extremely low (<1000 g) or very low (<1500 g) birth weight; (2) a term control group was included; (3) infants were born in the antenatal corticosteroids and surfactant era (ie, 1990 or later) or participated in studies with earlier antenatal corticosteroid and surfactant therapy availability; (4) age at assessment of at least 5 years; (5) intelligence was assessed in both groups using standardized, validated tests; and (6) the study was published in a peer-reviewed journal. PubMed, Web of Science, and PsycINFO (last search March 2, 2017) were searched without language restriction using combinations of the following search terms: prematur*, preterm, low birth weight, elbw, vlbw, intelligence, intellect*, IQ, cognit*, mental, abilit*, perform*, function*, disabilit*, impair*, disorder*, and retard*. In case of overlapping cohorts, selection was based on the following criteria (in order of importance): (1) the study with the longest follow-up interval (ie, oldest age at assessment), (2) the study with the largest sample size, and (3) the study reporting the highest number of perinatal variables.
Outcomes and Covariates
Intelligence scores (IQ) and information on perinatal factors and demographics were extracted from the articles. For studies not reporting information on all pertinent variables, authors were contacted to provide additional data. Various intelligence tests, including full-scale, verbal, and performance measures, were used across studies (eTable in the Supplement). For studies reporting verbal and performance IQ but no full-scale IQ, the mean of the verbal and performance scores was computed to provide a full-scale estimate. A categorical moderator variable was included in the analyses to assess the type of test as a source of heterogeneity in outcomes across studies. Information on GA, birth weight, birth year, age at assessment, sex, race/ethnicity, socioeconomic status, small for GA status, IVH grade I/II, IVH grade III/IV, PVL, BPD, necrotizing enterocolitis, sepsis, and postnatal corticosteroid use was extracted from the articles and/or provided by authors. Definitions used, if described, varied across studies and are reported in the eTable in the Supplement.
Study Quality
The Newcastle-Ottawa Scale for cohort studies was used to assess study quality. All included studies were independently rated by 2 of us (E.S.T., J.F.d.K.) (eTable in the Supplement)on aspects of participant selection, group comparability, and outcome assessment. Two aspects of the scale ("demonstration that outcome of interest was not present at the start of study" and "was follow-up long enough for outcomes to occur?") were not applicable and therefore omitted. This revision resulted in a 7-point rating scale, with higher scores representing better study quality.
Statistical Analysis
Analyses were performed using Comprehensive MetaAnalysis, version 3.0 (Biostat). The standardized mean difference in IQ between EP/VP and full-term children was used as effect size. The mean difference of each study was weighted by the inverse of its variance. If studies reported data for independent subgroups, a combined effect across subgroups was computed. 34 Random-effects meta-analysis was performed to calculate summary estimates. Dispersion in effect sizes was quantified using I
2
. Publication bias was evaluated using funnel plots and the Egger test.
Random-effects meta-regression analysis quantified the association of demographic and perinatal factors with studylevel effects. Studies were weighted by the inverse of the sum of the within-and between-study variance. Analyses were performed on complete cases. To evaluate whether completecase analysis introduced bias, the correlation between IQ and the amount of missing values for each covariate was computed. Univariate preselection of covariates was applied to reduce the number of covariates. Covariates were selected for further modeling using an α level of .05. Subsequently, preselected covariates were included in a backward multiple metaregression analysis with an α level of .05 as cutoff point for removal.
Results
eFigure 1 in the Supplement shows the study selection process. Screening based on title and abstract indicated 1865 possibly relevant articles. Full-text examination revealed 268 eligible studies, of which 71 covered unique cohorts. These 71 studies comprised 7752 EP/VP children and 5155 controls. Median GA and birth weight of means in the studies were 28.5 weeks (interquartile range [IQR], 2.4 weeks) and 1103.6 g (IQR, 265.0 g), respectively. Mean age at assessment varied from 5.0 to 20.1 years. The median proportion of males was 50.0% (IQR, 8.7%). The eTable in the Supplement provides details of all included studies with accompanying references (eReferences in the Supplement). Median incidence rates were highest for sepsis (28.9%) and BPD (27.0%), and lowest for IVH grade III/IV (3.1%) and PVL (3.6%).
Intelligence
The IQs of EP/VP children were 0.86 SDs lower compared with those of full-term children (95% CI, −0.94 to −0.78, P < .001), corresponding to a difference of 12.9 IQ points. This difference represents a large effect. A forest plot is provided in eFigure 2 in the Supplement. Results across studies were heterogeneous (I 2 = 74.13, P < .001). This heterogeneity could not be explained by type of intelligence test (95% CI, −0.37 to 0.05; P = .13), study quality (95% CI, −0.09 to 0.03; P = .36), or age at assessment (95% CI, −0.02 to 0.03; P = .85). Furthermore, as depicted in Figure 1 , the standardized mean difference in IQ across studies did not vary as a function of birth year of the cohort-neither unadjusted (95% CI, −0.02 to 0.02; P = .77) nor adjusted for GA (95% CI, −0.03 to 0.01; P = .30). Sensitivity analyses were performed to explore whether this finding was affected by study quality or region of origin. Analysis including only high-quality studies (Newcastle-Ottawa Scale score >5) showed similar results (95% CI, −0.06 to 0.02; P = .25). The same was true for analysis including only cohorts from Western countries (95% CI, −0.01 to 0.03; P = .58). Differentiation between studies originating from North America (95% CI, −0.05 to 0.04; P = .71) and Europe (95% CI, −0.01 to 0.04; P = .22) did not change the results. Further differentiation between regions was not possible due to the small numbers of studies from other regions. 
Demographic and Perinatal Risk Factors
Weak, nonsignificant correlations (r = 0.03-0.23) were observed between IQ and the amount of missing values in covariates. Relevant covariates were preselected using univariate metaregression analyses. Results of all univariate analyses are presented in the Table. Gestational age, birth weight, IVH grade I/II, PVL, BPD, and postnatal corticosteroid use significantly explained heterogeneity in effect size across studies and were therefore considered for further modeling. Small for GA, IVH grade III/IV, necrotizing enterocolitis, sepsis, sex, race/ethnicity, and maternal educational level were nonsignificant covariates. Backward multiple meta-regression analysis including all studies with complete data for aforementioned covariates (k = 24) revealed that heterogeneity in effect size across studies was significantly explained by GA (95% CI, 0.04 to 0.17; P = .002) and BPD (95% CI, −0.01 to −0.001; P = .02). This model was retested including all studies with complete data for both GA and BPD (k = 49). Gestational age was a nonsignificant covariate (95% CI, −0.007 to 0.10; P = .09) when BPD was included in the model and inclusion of GA did not affect the coefficient of BPD, implying that the association between BPD and the outcome was not confounded by GA. Furthermore, the variance seemed not to be inflated due to multicollinearity (variance inflation factor = 1.93). The final model included only BPD (95% CI, −0.01 to −0.006; P < .001), resulting in a total explained variance of 65% (95% CI, 32% to 98%; P<.001). Each percent increase in BPD rate across studies was associated with a 0.01-SD decrease in IQ (0.15 IQ points) in EP/VP children compared with controls. Given these results, a BPD rate of 0% is associated with a difference in IQ of 0.55 SDs between EP/VP children and controls, whereas a BPD rate of 100% is associated with a 1.55-SD difference. At the individual level, this finding suggests that a diagnosis of BPD is associated with a 1-SD decrease in IQ (15 IQ points) compared with the absence of BPD. Figure 2 shows the regression plot of BPD on the standardized mean difference in IQ across studies. Postnatal corticosteroid use was found to explain 33% of the variance in the univariate analysis. Postnatal corticosteroid use and BPD were significantly correlated (r = −0.57 
Publication Bias
Inspection of the funnel plot (eFigure 3 in the Supplement)did not suggest publication bias. This finding was confirmed by the nonsignificant Egger test (t =0.78,P = .44).
Discussion
This meta-analysis and meta-regression aimed to clarify the role of perinatal and demographic factors for long-term cognitive outcome of EP/VP children. Based on 71 studies including 7752 EP/VP children and 5155 controls, our results demonstrated a large difference (0.86 SD) in intelligence between EP/VP children and their full-term peers, which corresponds to approximately 13 points in IQ. This difference was stable over age (5-20 years) and birth year (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) . Second, considering a wide range of perinatal and demographic risk factors, we showed a strong association between BPD and long-term cognitive outcome in EP/VP children.
A difference in intelligence of almost 1 SD is likely to have important consequences for academic achievement and socioeconomic outcomes. Preterm birth is associated with poor academic outcome, lower incomes, and increased social security dependency. 35, 36 Assuming a normal distribution of IQ, a lowering of almost 1 SD suggests that approximately 16% of the EP/VP children have an IQ that is 2 SDs below the popula- 
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tion mean compared with 2.5% in the total population, which is indicative of intellectual disability according to the DSM-5.
37
In 2002, Bhutta and colleagues 14 showed the detrimental effect of preterm birth on intelligence based on cohorts of children born before 1990. Based on cohorts of children born in the antenatal corticosteroid and surfactant era and having almost 5 times more studies at our disposal, we found a similarly large effect. Our results are also comparable to the findings of Kerr-Wilson et al, 15 based on 27 studies including preterm children born between 1975 and 2000. Apart from the lack of improvement in cognitive outcomes shown by the present meta-analysis in comparison with the meta-analysis of Bhutta and colleagues, 14 our study presents no evidence of improvement of cognitive outcome between 1990 and 2008, even when differences in mean GA over time were taken into consideration. These findings suggest that, regarding long-term cognitive outcomes, no significant progress has been made since the early 1990s. Changes in neonatal practice, for example, the largely decreased use of postnatal corticosteroids, may have resulted in some improvement in cerebral palsy and neurosensory disability rates. 38 However, other studies showed no improvement in these outcomes over time. 39, 40 Overall, improvement of neurodevelopmental outcomes, including severe cognitive and neurosensory disabilities, seems to be only marginal. This finding emphasizes the need to identify strategies to improve long-term cognitive outcomes of EP/VP children. Neonatal morbidities have been associated with brain abnormalities and cognitive impairment in preterm children. Moreover, these complications are modifiable and thus factors for further study and intervention. Several large cohort studies reported neonatal morbidity rates between 1990 and 2010. Studies from Israel, 41 the Netherlands, 42 Switzerland, 43 the United States, 44 England, 45 and Canada 46 reported decreased mortality rates for each week of gestation, while overall morbidity rates remained unchanged. One study from France 47 showed reductions in overall morbidity. For the specific complications, results were mixed. Incidence rates of severe IVH, PVL, and necrotizing enterocolitis remained either stable or decreased. [41] [42] [43] [44] [45] [46] [47] Moreover, as shown in the present meta-analysis, rates of these complications in follow-up samples are relatively low (3.1% [severe IVH], 3.6% [PVL], and 4.6% [necrotizing enterocolitis]). This is different for BPD. Aforementioned cohort studies showed stable or increased incidence rates for BPD over the past decades, and the median incidence rate based on studies included in this metaanalysis was as high as 27%. We showed that BPD plays a key role in long-term cognitive outcomes in EP/VP children. Previous studies showed a positive association between BPD and brain abnormalities in preterm infants. 48, 49 The mechanisms underlying the association between BPD, brain development, and subsequent cognitive outcome remain to be further elucidated. One factor implicated in the pathogenesis of both BPD and brain injury in preterm infants is oxidative stress, [50] [51] [52] which is defined as an imbalance between the generation of free radicals and antioxidant defense capacity. 53 Because of exposure to high oxygen concentrations, infection and inflammation, reduced antioxidant defense, and free iron release, EP/VP children are at high risk for oxidative stress. 52 Immaturity of organs, hypoxia-ischemia, hyperoxia, inadequate nutrition, and mechanical ventilation further increase the risk for free radical-induced injury. 54 Animal studies have shown that hyperoxia results in both lung and brain injury, and the severity of lung injury was positively related to the severity of brain injury. 55, 56 Regardless of whether it is causal, the association between BPD and brain abnormalities may depend on common pathogenic mechanisms induced by shared and unshared risk factors. Moreover, postnatal corticosteroids were widely used in the past to treat BPD, while later evidence showed substantial adverse consequences for neurodevelopment. 30 Results of the present meta-regression analysis do not suggest that the strong association between BPD and intelligence can be mainly attributed to postnatal corticosteroid use. However, given the well-established negative consequences for brain development and the interrelatedness of BPD and postnatal corticosteroid use, their influence on neurodevelopment cannot be seen in isolation. Future studies on the mechanisms underlying the association between BPD and neurodevelopment should take the postnatal use of corticosteroids into account. Furthermore, the neurodevelopmental safety of corticosteroid therapies other than dexamethasone-the most common kind of corticosteroid used in the present studies-should be explored. For example, recent evidence suggests that hydrocortisone may affect neurocognitive development to a lesser extent than dexamethasone. 57 The rates of BPD varied across studies and were associated with the immaturity of the infants included. It remains to be evaluated in future studies whether differences in clinical practice may also explain part of this variation. To our knowledge, no single prevention or intervention strategy was proven to have a considerable influence on the incidence of BPD. 58 For example, lowering the initial oxygen concentration during resuscitation to 30% had no benefits with respect to the risk for BPD and oxidative stress compared with 65% oxygen. 59 The fact that multiple factors seem to be involved in the development of BPD and neonatal brain injury advocates a multifactorial approach for prevention and treatment. Potential strategies may include an optimal ventilation strategy 60 and oxygen concentration, 61 anti-inflammatory agents, 62 antioxidant therapy, 63 and adequate nutritional support. 64 Finally, recent evidence points at the potential of stem cell-based therapies as a highly promising treatment for neonatal lung and brain injury. 65 
Limitations
One limitation of the present meta-analysis is the number of missing details for demographic and perinatal risk factors. Despite our effort to contact all authors for additional data and the subsequent effort of many authors to provide these data, the proportion of missing data for covariates was relatively high. Although the correlation between the proportion of missing data and the outcome of studies was weak, missing data may still form a source of bias as meta-regression analyses could be performed only using a subsample of available studies. The number of studies in our analyses was nevertheless large and we found no evidence for publication bias or bias related to study quality. Another limitation relates to the differences in definitions of morbidities across studies, subsequently affecting incidence rates. In addition, a number of studies did not report which definition was used. This lack of information hampered direct assessment of the influence of varying definitions on our results. Differences in definitions may arise as a function of time (eg, the 28-day definition of BPD may be mainly used in older cohorts). However, controlling for birth year did not alter our results. Studies used various measures of socioeconomic status, which limited the possibility to properly assess its role. In contrast to the present findings, previous studies showed the importance of socioeconomic factors for cognitive outcomes of preterm children. 32 This association may even be underestimated since it is recognized that children from lower socioeconomic backgrounds are more frequently lost to follow-up. 66 Meta-regression uses aggregated instead of individual patient data, which results in a loss of information and may explain the absence of this association in our study. While reducing neonatal complications or counteracting their effects is important to improve long-term outcomes of preterm children, socioeconomic factors should not escape our attention.
Conclusions
In this meta-analysis, robust evidence was found for large deficits in intelligence in children born EP/VP from 1990 to 2008. Despite advancing neonatal health care, the results show no indication of improvements in long-term cognitive outcome during this period. Bronchopulmonary dysplasia was found to be a crucial factor for long-term cognitive outcome and the incidence rate remains high. This finding suggests that reducing the incidence of BPD in EP/VP children would be beneficial.
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